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In this paper, we describe the design, construction and operation of two low cost thermal isolation techniques on a microfabricated DNA amplification and analysis device. The thermal conduit technique is based on a selective conduction mechanism, while the silicon back dicing technique is based on a selective insulation mechanism. The performances of the two techniques are compared both numerically and experimentally to that of the widely adopted but costly silicon back etching technique. Temperature gradients as high as 108
• C cm −1 , 92
• C cm −1 and 158
• C cm −1 can be achieved with the three techniques, respectively. Geometric optimization of the two low cost techniques is carried out to further improve their thermal performances. Combining those two techniques can provide comparable thermal isolation results as the back etching technique with significant cost reduction.
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Introduction
In recent years, microfabricated devices have emerged as powerful tools for performing high throughput, low cost, and high efficiency DNA analysis. Many microfabricated integrated DNA amplification and analysis systems have been reported [1] [2] [3] [4] [5] [6] [7] [8] [9] . The key advantage of microfabricated devices is that they have the potential to integrate multiple functional components onto a small platform to form a highly automated analysis system. Because these microfabricated devices can be mass produced by semiconductor fabrication processes, a reduction in size leads to a reduction in cost of the individual devices, a concept that is responsible for the ever decreasing cost of computer microprocessors.
For DNA amplification and analysis systems, thermal interaction or 'crosstalk' emerges as an important issue as the device size decreases. Most DNA assays are highly temperature sensitive and require precise temperature settings to function properly. For example, the routinely used polymerase chain reaction (PCR) is performed in a thermal cycling format at temperatures of 94
• C, 55
• C and 72
• C while most restriction endonucleases in restriction digest reactions are inactivated at temperatures above 65
• C. Also, polyacrylamide or agarose gels used for DNA electrophoretic separation can degrade or melt at elevated temperatures. When integrating these and other temperature-sensitive analytical components on a microfabricated device, thermal crosstalk can adversely affect device performance. The problem becomes more prominent as the device size decreases and when using high-conductivity substrates (e.g., silicon). To ensure the proper operation, individual temperature-sensitive components on a microfabricated device should be thermally isolated.
Most existing thermal isolation techniques in microsystems use thin silicon or silicon derivative structures such as diaphragms, bridges or cantilever beams to insulate sensitive components [10] [11] [12] [13] [14] [15] . These structures provide excellent thermal isolation because of their high thermal resistance. However, the low mechanical stability of such structures decreases the yield of devices and increases the device cost. Many of these structures require complicated fabrication processes, further increasing the device cost. In other applications, low thermal conductivity materials such as quartz [16] and ceramics [17] have been used to achieve thermal isolation but the use of these materials is not compatible with standard semiconductor fabrication technologies. Low thermal conductivity porous silicon has been used in several thermal isolation applications [18] [19] [20] because of its semiconductor-compatible fabrication process and better mechanical stability than thin silicon microstructures.
However, its fabrication is rather complicated (including deposition of Poly-Si/SiO 2 mask, electrochemical dissolution in HF-ethanol solution and post-anodization treatments). Intensive work has been done on thermal management and optimization for PCR devices [21] [22] [23] [24] [25] [26] [27] [28] . However, most of these works focused on increasing thermocycling rate, improving temperature uniformity and reducing power consumption. Few of them addressed and investigated the thermal isolation issue.
We have explored the possibility of applying low cost thermal isolation techniques on silicon-based microfabricated DNA amplification and analysis devices. We have investigated three thermal isolation techniques: thermal conduits, silicon back dicing and silicon back etching. The thermal conduit technique is based on selectively increasing the vertical heat conduction at desired low-temperature regions, while the silicon back dicing and back etching techniques are based on physically insulating the high-temperature region from the low-temperature regions. The performances of these techniques have been predicted by heat transfer simulations and verified by experimental data. The fabrication cost of these techniques has also been estimated. The techniques have been evaluated in terms of temperature distribution, power consumption and heating and cooling rates. The results show that the thermal conduit technique and the silicon back dicing technique can be inexpensive alternatives to the widely adopted but costly silicon back etching technique. figure 1(b) .
Materials and methods

Device assembly.
The silicon wafer and the glass wafer are diced into individual devices by a computer controlled dicing system (RFK 7150, Diamond Touch Technologies Inc.). The inlet holes of the channels are drilled on the glass wafer by a homemade electrochemical discharge drilling apparatus. The glass channel is then bonded to the silicon substrate using an optical adhesive (NOA 72, Norland Products Inc.) The bond is cured under an ultraviolet light source (365 nm) for 3 h, followed by incubation in an oven at 50
• C for 12 h. This die-level bonding technique is a reliable low temperature bonding process and has been proven to be compatible with our device operation. However, it is also an expensive manual process. We are currently testing low temperature wafer-level bonding techniques and intend to replace the chip bonding process in the future to reduce the device cost. The assembled device is then glued to a printed circuit board (PCB) by an epoxy adhesive. Finally, the device is wire bonded to the PCB by a gold wire ball bonder (Model 4124, Kulicke and Soffa Industries Inc.) for electrical connection with the external electrical control circuitry.
Construction of the thermal conduit technique.
The thermal conduit structure is constructed by routing out specific regions on a PCB by an 8-inch bench top drill press. After gluing the device to the PCB, high thermal conductivity materials are used to fill the routed-out regions. Two materials have been used in our tests. The first material is a silicone-based thermal grease (Product #54013, AOS Thermal Compounds). It is made from a silicone fluid thickened with metal oxide fillers and appears as a white paste-like product at room temperature. Its thermal conductivity is 0.735 W (m • C) −1 . Because of its fluidic nature, it can be easily applied to the routed-out region in the PCB. The second material is copper, which has very high thermal conductivity (398 W (m
. A copper sheet (∼1.5 mm thick) is cut into small pieces with approximately the same size and shape as the routed-out region in the PCB and then inserted into it. A small amount of thermal grease is also applied to enhance the thermal contact between the copper insert and the silicon substrate. The construction is not a highly automated process, but it can provide a short turnaround time when only a few devices are needed. When a large number of devices are in demand, computer aided design and computer controlled mechanical machining can be used to make the thermal conduit technique a highly automated process.
Construction of the silicon back dicing technique.
In the silicon back dicing technique, deep trenches are made on the backside of the silicon substrate by a computer controlled dicing system (RFK 7150, Diamond Touch Technologies Inc.) during the wafer dicing process. A single cut by the dicing saw can create a trench about 300 µm wide. Wider trenches can be obtained by making several partially overlapped cuts. The depth of the cutting can be preset in the computer. Using the dicing system, the deepest trenches we can make are about 450 µm, which is 90% of the thickness of the silicon substrate.
Instrumentation
The device is connected to an external control circuitry through the PCB for precise temperature control (±0.1
• C). The circuitry consists of an amplification circuit, a data acquisition (DAQ) system, a power supply and a LabVIEW program with automatic control algorithm and graphic user interface. The measurement of the temperature sensors can be stored in the program and then exported as a Microsoft excel file. When testing the thermal isolation techniques, the assembled device is placed on a copper heat sink that sits on a probe station chuck whose temperature is controlled at 10
• C by a refrigerated bath circulator (RTE-211, Thermo Neslab).
Results and discussion
Device design and modeling
A silicon/glass biochemical reaction device was designed and fabricated for testing the proposed thermal isolation techniques. Figure 2 shows the layout and cross-sectional view of the device. The device contains three reaction chambers on the glass substrate and three heater and sensor units on the silicon substrate. Each reaction chamber is about 4 mm long and 2 mm wide. The distances between chambers 1 and 2, and chambers 1 and 3 are approximately 7 mm and 10 mm, respectively. Each heater and sensor unit below a reaction chamber can individually control the temperature of that chamber. There is also an additional temperature sensor at the center of the device. A picture of a device fabricated by the silicon back etching technique is shown in figure 2(c) .
The typical temperature distribution on such devices is fairly uniform when no thermal isolation techniques are applied and no heat sink is used. Figure 3 shows the experimental measurement of the temperature-time course of such a device undergoing heating in reaction chamber 1. When the temperature in reaction chamber 1 is raised to 95
• C, the temperatures at other locations (sensors 2, 3 and 4) are at least 80
• C. This fairly uniform temperature distribution indicates that thermal crosstalk on such devices is severe and thermal isolation is almost negligible.
Steady-state heat transfer simulations have been carried out using FEA software ANSYS in order to clarify the thermal characteristics of the device under different thermal isolation conditions. The model system, shown in figure 4(a), consists of three bonded parts: a top glass substrate, a middle silicon substrate and a bottom PCB. The three parts are drawn separately in the figure for easy viewing of the inner structures. The glass substrate contains a water-filled reaction chamber under which is located a heater on the silicon substrate. The dielectric layer and the Parylene barrier layer between the silicon and glass substrates are omitted in the model because their contribution to thermal conduction is negligible. The heater is set to a constant temperature of 95
• C, and natural convective heat transfer boundary conditions are applied to all surfaces exposed to air:
where heat transfer coefficient h is 37 W (m 2 • C) −1 and T ambient is the room temperature (23
• C). The thermal conductivities of all materials used in the model are listed in table 1 [29] [30] [31] .
The simulation results confirm the experimental data. As shown in figure 4(b) , the temperature across the entire device is quite uniform, and the temperatures at the four sensors are close to the experimental data (table 2). The temperature difference between the heater and the other three sensors is less than 15
• C; this poor thermal isolation is mainly caused by the high thermal conductivity of the silicon substrate. Thermal energy can be easily transferred from the heater to the entire device through the silicon substrate. As a result, the temperature of the entire device is raised fairly uniformly.
In table 2, the simulation results and the experimental data differ by about 5%. It is important to note that no adjustable parameters have been used in the simulations and the literature values used for the parameters could be different from the actual values. Also alternate boundary conditions could have been used. For example, in the FEA simulation, a heat flux instead of a constant temperature could also be used as the boundary condition on the heater. The heat flux input is closer to reality because the temperature of the heater area is most likely not uniform. However, we found that using such a boundary condition resulted in only a minor change (∼2
• C) in the predicted solutions ( figure 4(c) ). Since the simulations using heat flux input require lots of trial-and-error runs, for our qualitative predictions, we chose the constant temperature boundary condition for simplicity and ease of use. Further optimization on the model boundary conditions would improve the performance of simulation results and could result in more accurate quantitative predictions.
Selective conduction versus selective insulation
The thermal isolation techniques we have investigated are based on two principles: selective conduction and selective insulation. High temperature gradients across the device can be achieved by either selectively enhancing the vertical heat conduction near the desired low-temperature regions or selectively insulating the high-temperature regions from the rest of the device. Obviously the thermal conduit technique uses the former mechanism, while the back dicing and back etching techniques mainly use the latter one. A low temperature heat sink under the assembled device can efficiently remove excess thermal energy from the device and enhance the thermal isolation; therefore, it has been used when testing the proposed techniques.
According to the simulation results shown in figure 5 , increased temperature gradients across the device can be achieved using all of the proposed thermal isolation techniques. Because of the use of a heat sink under the PCB, we changed the boundary condition of the bottom surface of the PCB from natural convection to constant temperature at 10
• C in these simulations. Because the locations of sensors 1, 4 and 3 are essentially on a straight line (the distance is 5 mm between each two adjacent sensors), we can use the temperature profile along this line to estimate temperature gradients ( figure 6(a) ). The data show that a heat sink alone can slightly increase the temperature gradient across the device. A copper thermal conduit provides much better thermal isolation capability than thermal grease because of its higher thermal conductivity. The silicon back dicing technique can provide better thermal isolation than the thermal grease but not as good as the copper. Clearly the back etching technique creates the highest temperature gradient among all the proposed techniques.
The experimental results, plotted in the same fashion as figure 6(a) and shown in figure 6(b) , verify the general trend that the simulation results predicted. Although the temperature values from both plots are not identical, the patterns and the general trend on the two plots are similar. We also roughly estimated the temperature gradients between sensors 1 and 4 using the data in the plot. For instance, using the back etching technique, a temperature gradient of 79
• C/0.5 cm = 158
• C cm −1 can be obtained. Compared to the temperature gradient of the base case (20 • C cm −1 ) in which no thermal isolation techniques are used, all of the proposed techniques provide at least three times higher thermal gradients.
While all the techniques can provide some degree of thermal isolation, the power consumption and the heating and cooling rates for devices constructed by each technique are different. Techniques that use the selective conduction mechanism have higher power consumption, lower heating rate and faster cooling rate than the base case due to the enhanced heat conduction. In contrast, techniques that use the selective insulation mechanism have lower power consumption, higher heating rate and lower cooling rate due to the reduced heat dissipation. Table 3 summarizes the experimental data.
The only result in table 3 inconsistent with the previous discussion is that the back etching technique has a high cooling rate. The likely explanation is that the cooling rate is not only determined by the heat dissipation rate, but also by the amount of energy to be dissipated. In the silicon back etching technique, the stored thermal energy in the reaction chamber and its nearby region during the heating stage is significantly reduced because of both the silicon thermal mass removal under the reaction chamber and the highly localized temperature increase (i.e., figure 5(e) versus figure 5(a) ). Thus, the more than an order of magnitude lower energy content can be more quickly dissipated even though the area for heat transfer from the device has been reduced by less than 10%. Of course, more detailed unsteady-state simulations can be used to corroborate this hypothesis and predict the optimal design for high cooling rate. Although the back etching technique has superior performance in terms of thermal gradient, power consumption, and heating and cooling rates, the complicated fabrication processes significantly increase the cost of the devices. For all the devices used in this study, the silicon side fabrication includes two lithographies, one metal E-beam evaporation and liftoff, one Parylene deposition and one plasma RIE. A back etched device requires several additional steps including one lithography, one dielectric layer LPCVD and one silicon backside DRIE. Based on our calculation, the cost of a fully assembled device without dielectric diaphragm in our fabrication facility is about $16, while that of a back etching device is $25 (∼56% increase). On the other hand, the costs of a fully assembled device with the thermal conduit and with back dicing process are about $17 and $18, respectively. Compared to the base case, the cost increases are only approximately 6% and 12% mainly because no clean room fabrication is required for either technique. In addition, the yield of the back etching process is only about 20-25%, mainly caused by the breakdown of the dielectric diaphragm. The low yield will result in a 4-5 times increase in the already high cost for the back etching technique. The DRIE process could be replaced by cheaper KOH etching to reduce the fabrication cost to some extent. However, protection of the front side of the device is necessary and may result in a more expensive or time-consuming total process. Although the cost increase is calculated based on the processing cost in our fabrication facility, it is reasonable to believe that the differential cost in an industrial fabrication foundry would be comparable. Thus, both thermal conduit and silicon back dicing techniques are good alternative techniques for low cost applications. Note that we have used an active cooling system (a cold chuck and a heat sink) in the proposed techniques to enhance the thermal isolation effect. The simulation results shown in figure 7 indicate that the temperature on a device without active cooling would likely increase by as much as 15
• C. This temperature increase may not adversely affect the device function with the current device size. However, the potential to further reduce the device size by using the proposed techniques is limited without active cooling. On the other hand, the added cost of an active cooling system can be relatively low by using inexpensive and battery-powered thermoelectric active cooling devices (Peltier devices). A commercial Peltier device of our device size costs slightly more than 10 dollars but can be used repeatedly for multiple disposable devices (i.e., part of the 'base unit'). Therefore, inclusion of an inexpensive active cooling system would not noticeably increase the cost of the devices.
Geometric optimization
Better thermal isolation can be obtained by geometric optimization of the designs we have presented so far. By optimizing the location, depth and width of the thermal isolation structures, we can regulate the amount of thermal energy being transferred across the device and consequently achieve the best result for each technique. Note that the simulation results presented in this section are obtained from simplified 2D models in order to save computing time. In all of the models, the heater is 2 mm wide and an arbitrary point B 5 mm away from the edge of the heater has been chosen as the point of interest. The goal of the optimization is to keep the temperature at point B as low as possible.
The simulations revealed that the optimal locations of the thermal isolation structures are quite different for the thermal conduit technique and the back dicing technique. copper conduit. The data show that the optimal location of the thermal conduit is directly under point B. The temperature at point B is the lowest because the maximum amount of thermal energy can be removed from point B in this case. For a 3 mm wide back-diced trench, however, the data in figure 8 (dash line) clearly show that the optimal location is not directly under point B but right next to the heater. In this case, the trench impedes lateral heat transfer from the heater while the silicon substrate under point B conducts heat away. The combined effects of conduction and insulation provide the best results. In addition to the location of the structure, the width also strongly affects the thermal properties. Wider conduits (larger contact area) are able to remove more thermal energy and provide lower temperature at point B, as shown in figure 9 (solid line). Therefore, the thermal conduit should cover as much of the desired low-temperature region as possible. The conduit should not be extended under the desired hightemperature region, though, because power consumption will increase. For the back dicing technique, generally, a wider trench can impose higher thermal resistance to the lateral heat transfer and provide better isolation results. However, the simulation data in figure 9 (dash line) show that the lowest temperature at point B is obtained when the trench width approximates the distance between the edge of the heater and point B. Increasing the width of the trench beyond this point effectively places point B on lateral conduction path and, therefore, a linear temperature gradient between the high and low temperature points. The longer the conduction path, the closer (proportionally) point B becomes to the heated region, and, thus, the higher the temperature at this point.
The depth of the back-diced trench is another factor that affects the thermal properties. The deeper the trench is, the higher the thermal resistance of the top thin silicon membrane. Therefore, deeper trenches can reduce the lateral thermal conduction more and provide better isolation results. As shown in figure 10 , a very low temperature at point B can be reached if the trench depth equals the depth of the silicon substrate (0.5 mm). Practically, however, we are not able to accomplish this due to the resolution constraint of the dicing system. The deepest trench we can reliably obtain is about 90% (0.45 mm) of the silicon substrate. Based on the simulation result, this geometric constraint will deteriorate the thermal isolation result quite drastically (temperature at point B increases from about 20
• C to 60 • C). High resolution dicing systems can obviously greatly increase the performance of this technique.
Simulations revealed that combining the thermal conduit technique with the back dicing technique will provide almost as good isolation results as the back etching technique. The back-diced trench reduces the lateral thermal conduction, while the thermal conduit effectively removes the excess thermal energy from the desired low-temperature region. The combined effect will reduce the temperature at the desired low-temperature region and, therefore, provide a higher temperature gradient. Figure 11 shows the simulation results of a device with a 9 mm wide copper conduit and trenches of varying width. For comparison, the simulation result of the control case (without copper conduit) is also shown in the plot. The data show that by properly choosing the width of the trench and the thermal conduit, thermal isolation results that are comparable to that of the back etching technique can be achieved (20 • C at point B for this technique, compared to 21
• C for the back etching technique). Improved thermal isolation results can also be achieved by replacing a wide trench with multiple narrow trenches. In figure 12 (solid line), multiple narrow trenches (0.5 mm wide and 0.5 mm apart) are added from the left to the right, extending the trenched area from the heater to the right edge of the device. We found the best thermal isolation result is achieved when the trenched area is between the heater and point B (5 trenches in our case). But even when the trenches pass beyond point B, the temperature increase at point B is much lower than the similar case of an open trench (figure 11, solid line). We also found that when the total trenched width is fixed, narrower trenches can slightly improve the results. As shown in figure 12 (dashed line), where multiple trenches are placed between the heater and point B with a fixed total width of 4.5 mm, the temperature at point B gradually decreases as the number of trenches increases (hence the width of each trench decreases). The other advantage of using multiple narrow trenches over a wide trench is that the fins between the trenches can improve the device's mechanical strength.
Summary and conclusion
We have investigated three thermal isolation techniques on a microfabricated device. The techniques are based on constructing different thermal isolation structures to regulate the heat transfer across the device. Two mechanisms, selective conduction and selective insulation, have been used by these techniques. The thermal conduit technique uses high thermal conductivity material to replace the PCB at certain locations to selectively remove heat from the lowtemperature desired regions on the device. The back dicing technique uses mechanically cut trenches on the backside of the silicon substrate to insulate the high-temperature regions from the low-temperature regions. The back etching technique essentially uses the same mechanism as the back dicing technique, except that it uses a dielectric diaphragm as the insulation structure. Thermal isolation to some degree is demonstrated by all proposed techniques. Both simulation and experimental results show that the silicon back etching technique can provide excellent thermal isolation on microfabricated devices. The thermal conduit and silicon back dicing techniques are shown to be inexpensive alternatives to the back etching technique, and the combination of these two techniques can provide comparative thermal isolation result as the back etching technique. The performance of these techniques can be improved by adjusting geometric parameters. These techniques, upon further optimization, can be widely applied in integrated biochemical analysis microsystems.
